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Abstract
Studying the position dependent absorption efficiency of
superconducting single photon detectors (SSPD) is essential for
understanding its detection process. We set out to assemble a
scattering-scanning near field optical microscope (s-SNOM) capable of
probing photons at sub ∼30 nm resolution. Tuning forks with glued tip
are used in the aim of building a low temperature AFM. Temperature and
pressure dependence of the tuning fork’s resonance frequency and
quality factor have been studied. Temperature fluctuations during AFM
scanning have been shown to cause height deviations of up to 650 µm/K
at atmospheric pressure depending on the tip. AFM scanning has been
successful at imaging a calibration sample with a height difference of 200
nm and locating 50 nm high meandering nanowire features of a MoGe
SSPD.
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Chapter1
Introduction
In the quantum technology era, transition from physics to technology re-
quires the study and advancement of new applications including the de-
velopment of single photon detection. Superconducting single photon de-
tectors (SSPD) are state of the art devices with applications extending from
photonics to surface science[1], interplanetary communication[2] and health
care[3]. While these devices already have a wide range of applications,
it is not yet fully understood how the absorption of a photon leads to a
detection event. Further research in this direction is required in order to
design devices with maximum efficiency at a given wavelength and oper-
ating temperature. The internal detection efficiency of a superconducting
single photon detector depends on position across the detector[4, 5]. This
dependence can be probed with a scattering scanning near-field optical
microscope (s-SNOM) mounted on an atomic force microscope (AFM) in
order to achieve a photon resolution on the order of tens of nanometers[6].
This thesis aims to develop a s-SNOM and investigate the feasibility of the
experiment. Typical NbN SSPDs have a wire width of ∼70 nm and a su-
perconducting coherence length of∼5 nm. A local probe with a resolution
of 10-20 nm is necessary. Such a spatial resolution is out of reach of con-
ventional, aperture based, SNOM that are limited to twice the optical skin
depth of the aperture’s material. Even for metals with high conductivity,
e.g. gold, the resolution is limited to ∼50 nm for aperture based SNOM.
In this thesis, we monitor the resonance shifts of a quartz tuning fork
(TF) and aim to locate and scan a superconducting single photon detector
with an AFM cantilever glued to the TF. When the cantilever is illuminated
from the side, it will simultaneously serve as a light scattering tip in the
near field. In doing so, the internal detection efficiency as a function of the
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detector’s cross section can accurately be examined.
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Chapter2
Theory
2.1 Superconducting Single Photon Detectors
Superconducting single photon detectors, consisting of a thin meandering
wire of about 100 nm wide and some hundreds of µm long, were first dis-
covered in 2001[7]. Useful for their near-IR photodetection, these devices
are advantageous because of their very low dark count rate and fast reset
time compared to conventional avalanche photodiodes or transition edge
sensors. Figure 2.1 shows a MoGe detector based on a constriction design
SSPD, the design type which our group focuses its research on. Photon
detection occurs when the detector is cooled below its critical temperature
and biased just below its critical current such that, upon photon absorp-
tion, the energy of a single photon is enough to locally break superconduc-
tivity resulting in a measurable voltage pulse - a detection event.
According to the diffusion based vortex crossing model, the current
understanding of a detection event begins with photon absorption caus-
ing the breaking of Cooper pairs through an avalanche process forming a
quasiparticle cloud of a few tens of nanometers in size. As a result, the
current must divert through the unaffected parts of the wire, and if suf-
ficiently strong, the current will cause a magnetic vortex to unbind from
the edge of the detector which, under the influence of the Lorentz force,
will traverse across the wire dissipating enough energy to transition a por-
tion of the wire to the normal state[8]. Through tomographic methods,
Renema et. al. have shown a polarization dependent internal detection
efficiency[4]. They demonstrate that there is a higher detection efficiency
for transverse-electric (TE) over transverse-magnetic (TM) polarization.
The calculated field distribution shows that, photons are more likely to
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Figure 2.1: Magnified image of a single MoGe detector showing a meandering
wire section before and after the nanowire constriction found at the between two
large residuals from MoGe depositions.
be absorbed at the center of the detector for TM polarization. The results
of their experiments reveal a maximum detection efficiency is located 10-
30 nm from the edges and a minimum detection efficiency in the 25 - 50
nm around the center. A spatial resolution of ∼10-20 nm should be suf-
ficient for an experimental demonstration. Wang et. al.[6] have proposed
a scattering-scanning near field optical microscope (s-SNOM) experiment
in which this can be achieved. The following chapters lay a basis for such
an experiment.
2.2 Scattering Scanning Near-Field Optical Mi-
croscopy
As the aim is to do optical experiments in combination with an AFM for
positioning, it is favorable to use an electrical readout over an optical read-
out. By opting for a tuning fork as probe sensor we eliminate the possi-
bility of light contaminating the detector from an external source. Typical
aperture-based SNOMs have a spatial resolution which is limited by the
skin depth of the material in which the aperture is made. Even for a good
conductive metal such as gold, a spatial resolution below 50 nm cannot be
achieved. Wang et. at.[6, 9] suggest an experiment with a scattering based
SNOM where the enhanced E-field is focused in a region two times the ra-
6
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Figure 2.2: Schematic diagram of a tip-detector system with a NbN SSPD during
s-SNOM for either parallel or perpendicular side illumination as described in [6]
Figure 2.3: Simulated detection response distribution across the cross section of
a 150 nm wide NbN SSPD for parallel (TM, solid lines) and perpendicular (TE,
dashed lines) polarizations. Calculations are shown for bias currents of 0.8IC,
0.9IC and IC from Wang et. al.[9].
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dius of the scattering tip. Figure 2.2 shows a schematic of their simulation,
they use a 5 nm thick NbN constriction film on a GaAs substrate with a
width of 150 nm and length of 100 nm. At a constant 5 nm above the sur-
face, they scan a gold tip with a radius of between 2 to 20 nm which is illu-
minated from the side by a plane wave either parallel or perpendicularly
polarized to the wire. The simulation demonstrates an ideal detection re-
sponse distribution as shown in figure 2.3 where the blue and red, dashed
and solid lines show the detector response for 0.9 and 0.8 times the criti-
cal current, for perpendicular and parallel polarization respectively. Both
critical currents show a significant decrease in detection events at the cen-
ter of the detector’s cross section. For an actual SNOM measurement, the
curves in figure 2.3 should be convoluted with the detector response. A
rough estimate shows that a spatial resolution of ∼25 nm is required.
8
Version of January 15, 2020– Created January 15, 2020 - 15:25
Chapter3
The Quartz Tuning Fork as a probe
sensor
Quartz tuning forks serve as excellent frequency measurement devices
due to their stable and precise resonance and their low power consump-
tion. As an example, we consider how tuning forks serve as frequency
standards in nearly all watches since the 1960s, having rendered tuning
forks as massively produced and quite inexpensive[10]. Their high me-
chanical quality factor also makes them very good force sensors, capa-
ble of detecting sub-pN forces at, or near, their resonance frequency[11].
First used as actuator and sensor in an AFM by Edwards et al.[12] in 1997,
they have also been used for distance control in scanning near-field optical
microscopy[11], force detection in atomic force microscopy[13] and more.
In this project, we aim to use quartz tuning forks in an AFM as a distance
and position controller while doing scattering scanning near-field optical
microscopy with the hopes of achieving 10-20 nm spatial resolution for
photon detection at cryogenic temperatures.
Figure 3.1 shows a typical quartz tuning fork designed to have a reso-
nance frequency of fres = 32 768 Hz after removing the metal casing. The
tuning fork consists of two prongs(tines), each of which are coated with
their own silver electrodes covering the front and back faces of each prong
which are soldered to connector pins protruding the metal base. Through-
out our preparations, we had available to us a range of different sizes,
shapes and resonance frequencies to test. A good understanding of the
behavior of quartz tuning forks was sought to better predict the outcome
of gluing a tip to the TF and cooling it to 4K.
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Figure 3.1: Image of a open canister quartz tuning fork obtained from Digi-Key
with part number X1123-ND. Each prong is approximately 3.8 mm long, 0.8 mm
tall and 2.5 mm thick.
3.1 Tuning fork motion
Due to the piezoelectric properties of quartz, excitation and detection of
the mechanical motion of the oscillating prongs is easily picked up via
its electrodes. For the same reason, mechanical oscillation can also easily
be driven electrically. The motion of the tuning fork can be modeled via
the Butterworth van Dyke model[14], an RLC circuit with parallel capaci-
tance as shown in figure 3.2. In this analogy of the resonator, the resistance
represents the (acoustic) losses of the material in its environment, the in-
ductance represents the mass and the capacitance represents the stiffness
of the equivalent spring [14]. Finally, the parallel capacitance, C0, cor-
responds to the capacitance of the electrodes and cables. This circuit is
described by the following transfer function:
Y(ω) =
1
R + 1iωC1 + iωL
+ iωC0 (3.1)
The real part of Y(ω) provides an admittance signal of the driven tun-
ing fork which is given by amplitude, in millivolts, as a function of the
frequency, in Hertz. The imaginary part gives the phase response of the
tuning fork as a function of frequency. The relevant parameters to be ob-
10
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Figure 3.2: Equivalent circuit of a RLC Butterworth van Dyke model for a quartz
tuning fork.
tained from the measured transfer function are the resonance frequency
and the quality factor (Q factor) which are given by
fres =
1
LC1
(3.2)
Q =
fres
∆ f
=
1
R
√
C1
L
(3.3)
Here, ∆ f is the FWHM and R, L and C1 are the equivalent electrical com-
ponents described in the Butterworth van Dyke model. Fitting the imagi-
nary and real parts of equation 3.1 proves to be non-trivial however, due
to heavily co-variant parameters.
The presence of a parallel capacitance results in a series and a paral-
lel resonance which distorts the line shape of the mechanical resonance
of a bare RLC resonator. While clever use of electrical components can
compensate for the parallel capacitance to model only the motion of a TF,
which resembles a lorentzian, we observe an asymmetric dip in the fre-
quency response. A compensation of the capacitance was not necessary as
it did not impede on the ability to lock on the resonance frequency during
scanning.
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(a) Amplitude (b) Phase
Figure 3.3: Standard 32kHz tuning fork (a) resonance peaks and (b) phase curve
for a closed canister tuning fork (solid, blue line) and open canister tuning fork
(dashed, black line). Amplitudes of the closed canister have been shifted by 0.32
V and 70 degrees in order to appear in the same range on the y axis. A vertical
line was added at the resonance frequency of the open canister TF for reference.
3.2 Fano fitting
Figure 3.3 shows the amplitude and phase responses as a function of fre-
quency for a closed canister tuning fork (solid line) and for a opened canis-
ter tuning fork (dashed line). As can be seen in the figure, opening the can-
ister to ambient air increases the width of the peak noticeably and shifts
to lower resonance frequency. For visualization, a vertical line is placed
at the obtained resonance frequency for the exposed tuning fork. Fitting
these amplitude curves with a Fano resonance function [15] to account for
the asymmetric peak, reveals the resonance frequency and quality factor.
With the Fano function, the frequency response is given by:
σ( f ) = H
( f− fresg + q)
2
( f− fresg )2 + 1
+ σ0 + t× f (3.4)
where f0 is the resonance frequency, q is an asymmetry factor, g is the
line width, H is for gain parameters, σ0 an offset constant and finally t×
f is a linearly varying term. The quality factor, given by the following
equation
Q =
f0
2g
√√
2− 1
(1−
√
|q|) + 2 f
2
0 + 2g
2
4g× f0
√
|q| (3.5)
can be calculated from the Fano fit. The value of Q varies from fit to fit
depending on the measured frequency range and is not entirely indepen-
12
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(a) Fres and Q around 150 K (b) Fres and Q below 5 K
Figure 3.4: Resonance frequencies (red circles) and Q factors (blue triangles) as a
function of temperature for a closed canister tuning fork during cool down. Data
are shown for T = 140− 240K (left) and T . 5 K (right).
dent of other fit parameters. Despite this correlation, observed changes
in Q were measured when the frequency range was kept constant and
changes where large enough to make a good comparison between the dif-
ferent tuning forks.
A statement occasionally made in literature[10] is that the increase in
quality factor and shift in resonance frequency are a result of breaking vac-
uum when opening the canister. The explanation is then that the change
in pressure causes viscous drag in air. In section 3.4 we show experimental
evidence that this statement is incorrect.
3.3 Temperature dependence
As the aim is to do SNOM in cryogenic conditions, resonance frequen-
cies and quality factors of a tuning fork were taken as a function of tem-
perature. To eliminate possible influence due to variations in pressure,
this experiment was performed on a closed canister tuning fork. Figure
3.4a shows a decrease in resonance frequency with decreasing tempera-
ture. Note that the resonance frequency is plotted as the relative shift (in
ppm), ∆ ff0 , the shift from the tuning fork’s room temperature resonance
frequency divided by the room temperature resonance frequency in MHz.
Plotted this way, the shift can be compared to the temperature dependence
of a quartz tuning fork provided by the manufacturers, given by equation
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3.6, where c is the parabolic temperature coefficient, T is the temperature
and T0 is temperature at which the tuning fork is fabricated to be most
stable, or the maximum of the parabola (which is 25◦C). We obtain a value
of 0.032± 6× 10−6 ppmK2 which is within the expected TF temperature co-
efficient (0.03 - 0.05). Based on these results, temperature fluctuations of
1 K under ideal conditions will shift the resonance frequency by 32 mHz
which, will be evident later on, corresponds to a non-negligible portion of
the frequency sensing range while doing AFM.
Between 3.5 and 5 Kelvin, the resonance frequency seems to deviate
from equation 3.6 as the resonance frequency starts to increase with de-
creasing pressure. The quality factor increases from a room temperature
value of ∼ 50 000 to ∼ 80 000 around 200 K, ∼ 140 000 around 150 K and
reaches over 1 000 000 below 5 K.
∆ f
f0
= 1− c(T − T0)2 (3.6)
3.4 Pressure dependence
After pumping down to 10−6 mbar, nitrogen was reintroduced into the
cryostat while monitoring the resonance frequency and quality factor, these
results are shown in figure 3.5. Indicated by the blue triangle and a blue
square are the quality factor and resonance frequencies for a closed and
open canister TF respectively. We observe that, while introducing the TF
to vacuum does restore the Q factor to close to its original value, between
10−6 mbar and 1000 mbar, the resonance frequency and Q factor have no
pressure dependence. This directly shows that, below atmospheric pres-
sure, the process that affects the resonance frequency and quality factor
is not related to viscous drag due to pressure. Instead, we suggest that
absorption of water changes the properties of the tuning fork when their
casing is removed.
3.5 Glue-up
Altering the mass of one or both prongs of the tuning fork also changes
the resonance frequency. Hussain et. al.[16] have shown that, for a similar
14
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(a) Fres as a function of pressure
(b) Q as a function of pressure
Figure 3.5: (a) Resonance frequencies and (b) quality factors for a open canister
tuning fork at various pressures of nitrogen. The blue triangle represents a closed
canister tuning fork, blue square represents an open canister tuning fork at ambi-
ent conditions. The red circles represent an open canister tuning fork which has
been pumped down to 10−5 mbar and then introduced to N2.
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TF to the ones we use, adding a mass of about 2.5% to one prong decreases
the quality factor by about two thirds and at about 6.5%, it goes effectively
to zero. They have also shown that this can be restored for masses of up
to about 16% by gluing an equal counter mass on the opposite prong. Al-
ternatively, Gessiebl et. al.[13] have developed a widely used qPlus sen-
sor in which one of the QTF’s prongs is immobilized such that only one
prong moves. This configuration is reported to be less limited as to what
mass can be added to the TF and is supposed to increase sensitivity and
stability[17]. We have attempted several qPlus configurations. However,
despite finding resonance after immobilizing one prong, resonance could
not be found after adding a tip to the other prong. Our best results are
attained by gluing standard AFM cantilevers to the end of a TF prong, for
which the added mass is negligible.
The first step is to align the TF prong with the AFM cantilever. Figure
3.6a shows the setup consisting of a free standing clamp placed on a z mi-
crometer which holds the TF and a xyz micrometer stage where the AFM
cantilever is secured to its holder (with double sided tape). Alignment is
made such that the angle between the cantilever and scanning surface will
be between 0 and 7 degrees, with the AFM tip pointing away from the TF.
Once aligned, the AFM chip is pulled away from the TF such that a small
drop of epoxy can be placed at its tip. Stycast 2850 epoxy with catalyst
24LV is used for its cryogenic compatibility. The TF is then brought into
contact with the dab of glue, breaking its surface tension with the back of
the cantilever∗. Once the glue has set, simply removing the TF clamp from
the setup breaks the cantilever from the chip and the TF, as shown in fig-
ure 3.6b. All steps are performed under a microscope.
∗If glue spreads to the chip, it should be cleaned with the edge of a piece of paper and
should be reapplied. Not doing so will prevent the cantilever from breaking free from
the chip.
16
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(a) tip gluing setup
(b) magnification of cantilever glued to
TF prong
Figure 3.6: Setup for gluing AFM cantilevers to the TFs where (a) Shows the xyz
micrometers for positioning the AFM chip with respect to the TF standing freely
on it’s own z micrometer, all of which is under an optical microscope. (c) AFM
cantilever in contact with the TF after breaking surface tension of the glue.
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Tuning Fork AFM
Figure 4.1 shows the AFM frame mounted to the sample holder. Inside the
frame are visible the xyz rough stages from Janssen Precision Engineering
which were controlled via command line in PuTTY. Attached underneath
(in the orientation of this image) are the attocube low temperature and
high vacuum xyz scanners which are operated by attocube’s software. All
components are selected to be compatible in cryogenic conditions.
4.1 Phase Locked Loop
The phase locked loop (PLL) is a type of operation mode which is enabled
during AFM. This mode excites, locks on to the phase at the TF’s resonance
frequency and makes use of a feedback loop to keep the TF excited at its
actual resonance frequency. This mode can be enabled in two ways: open
loop, where the tip is set at a constant height and a scanned image shows
topographical features in shifts of the resonance frequency, dF, or closed
loop, where the tip is placed at a certain distance from the surface and the
value of dF is fed in another feedback loop for the z controller. Topograph-
ical features in closed loop are given in actual height of the scanner which
are obtained by the voltage applied to the piezo in order to maintain the
set dF value. The first method is easier to operate. However, the height of
features and the scanning speed are limited to the range of dF that can be
picked up. Closed loop is not limited in these aspects, though it is much
more sensitive to imperfect setup parameters and fluctuations to the orig-
inal resonance frequency, such as temperature fluctuations.
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Figure 4.1: Picture of AFM
4.2 Approaches
Figure 4.2 shows approach curves for various driving amplitudes in am-
bient conditions. For too high and too low excitation amplitudes, the TF
senses a short range in dF. What is likely the case is that for high driv-
ing amplitude, the oscillation are very large and when TF enters a regime
where tip-surface interactions are significant enough, the tip is already
close to crashing at its lowest point of oscillation. For small driving am-
plitudes, the TF needs to get much closer to the surface, at which point
its already almost at saturation. What we call a saturation is when dF in-
creases extremely rapidly and converges to its set maximum or minimum,
resembling a tip crash. By retracting, disengaging and reengaging PLL can
scanning proceed, granted that the tip has not actually been destroyed.
Only for the 2.5 mV did saturation happen slow enough to acquire a data
point which is why the black connecting line ends above the plot. The
optimal driving amplitude for AFM is where we have the best stability
against saturation, or where the largest range in dF and stage height are.
For the particular tip in these approaches it was around 15-20 mV. How-
ever, at these amplitudes we observe that at some heights there are two
data points, this is because dF was not constant but was slowly shifting.
These are the types of fluctuations which make it impossible to engaged
closed loop because the set dF value in the feedback loop is constantly
20
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Figure 4.2: Approach curves showing shifts in resonance frequency, dF, as a func-
tion of stage height for various excitation amplitudes.
changing even if the TF is driven while at a fixed position and height.
Open loop scanning however can still be operated.
In the case for all driving amplitudes, dF exhibits a linear change∗ until
the tip is a certain proximity to the surface where tip-surface interactions
start to dominate the influence on dF. Until this point, dF shifts with a
slope of 0.0056 mHz/µm. After this point, the TF becomes more sensitive
as dF shifts more rapidly and enters another nearly linear regime with a
slope of 20.207 mHz/µm. The steep part of the approach curve determines
the scanning sensitivity and in part, for open loop, the height of the topo-
graphical feature we can scan. Taller features can still be scanned so long
as the tip does not remain above those features longer than dF can safely
reset itself. The steepness and range of the tip-surface approach is depen-
dent upon the sharpness on the tip and the environment in which we scan.
Typically, if the slope is less steep, then the tip is better for sensing over a
large range but with a lower resolution. For sharper tips, the slope in the
steep part of the graph can be as low as 3.5 mHz/nm. Scan ranges for
open loop can range between ∼50 to over 200 nm and ranges in dF can be
between a few tens of mHz and a few hundreds of mHz. When consid-
ering our previously determined temperature dependence of 32 mHz/K
at room temperature with a tip in the linear regime of 20 mHz/µm, we
observe a sensitivity of 650µm/K. Such a high sensitivity is far too high
when trying to scan in the nanometer scale. At room temperature, open
loop can still be operated if the set height is constantly monitored and ad-
justed. However, closed loop will rapidly diverge towards or away from
∗the polarity can be changed in the software but generally this is decreasing
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Figure 4.3: AFM image during open loop scanning of a calibration sample with
200 nm features and a pitch of 10 µm. Topography is given in dF and corresponds
to a gray scale shown to the right of the figure. Halfway through imaging the
height was adjusting which causes change in grey scale halfway up the image.
the surface depending on the sign of the shift and of dF. Avoiding illu-
mination from lamps that produce heat and placing the AFM in a box or
vacuum minimizes these issues. Approach curves have also been taken in
vacuum. We find that the slope far from the surface is zero until the last
0.25 µm from the surface where tip-sample interactions start to take place.
4.3 SSPD Imaging & positioning
Figure 4.3 shows an AFM image obtained during open loop scanning of
an AFM calibration sample with 200 nm tall features and a pitch of 10 µm.
The steps, seen as squares which appear a lighter color on the horizontal
scan have a contrast in dF of 10-12 mHz corresponding to a step height of
200 nm. The full spectrum of the gray scale in this image spans 35 mHz to
account for shifting of the resonance frequency throughout the measure-
ment due to, most likely, a slope in y. The cantilever which was used for
22
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(a) singleridge (b) double ridge
Figure 4.4: AFM images of a MoGe detector as shown in figure 2.1. 4.4a shows
a single vertical ridge agrees with the profile of a constriction region of a MoGe
SSPD. 4.4b shows a double ridge of similar width which agrees with profilometer
results for the meandering section of a MoGe SSPD
this scan came from a discarded AFM chip for which the tip was most cer-
tainly damaged.
AFM has also been done on a MoGe SSPD as the one we introduced in
section 2.1. Figure 4.4a shows a large scan where we observe a distinct ver-
tical ridge near the center of the image and various other features. What
appears as gaps in the ridge is due to the tip no longer being within sens-
ing range and requiring a height adjustment. Where there is a horizontal
solid white line, the tip had saturated and had to be reset. This vertical
ridge has been consistently observed for all detectors which have been
imaged, sometimes it appears in the form of two parallel ridges as shown
in figure 4.4b. A wide scan was done where the double ridge is visible
all throughout scanning however a complete image gives a poor represen-
tation. A smaller image is also shown of the double image, indicated by
the red oval. When comparing this with profilometer results, we notice
that the region of the constriction resembles a single ridge with a very nar-
row passage where the nanowire is located and the meander section of the
detector resembles a double ridge. The detector’s meander resembles a
double ridge due to a longer deposition time of MoGe at the corners of the
meander compared to the center. The profilometer height measurements
of a sample with a shorter and longer deposition time than the ones in fig-
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ure 4.4 show that the ridges are between 40 and 60 nanometers and have
a width of around 1 µm which coincides with the AFM images.
Placing the AFM in vacuum has increased sensitivity, however caused
the detector to oxidize for some reason. Topographical features were ob-
served in open as well as closed loop however are not relevant to a func-
tioning detector.
While there is of room for improvement in quality and technique, we
are capable of imaging the detector. With a clever design such that the con-
striction is not located in a narrow valley of a ∼50 nm tall ridge, and the
presence of some, perpendicular to the constriction, locating feature, imag-
ing and positioning above the detector should be trivial. All that would
remain is for the addition of a fiber optic cable and cooling in order to do
s-SNOM experiments.
24
Version of January 15, 2020– Created January 15, 2020 - 15:25
Chapter5
Conclusions and Outlook
During this project, we’ve shown a good understanding in the tuning
fork’s behavior as a function of temperature and pressure. The tuning
fork’s quality factor has been shown to increase by a factor 20 under cryo-
genic conditions. Incidentally, we’ve found a discrepancy in the changes
of the tuning fork’s resonance frequency and quality factor. An effective
and consistent method of gluing AFM tips to tuning forks has been devel-
oped. We’ve succeeded in making some rudimentary AFM images with
adequate sensitivity. We’ve shown the importance of temperature fluctu-
ations at room temperature scanning. While there is of room for improve-
ment, resolution is sufficient for locating a detector.
With a clever design such that the constriction is not located in a nar-
row valley of a ∼50 nm tall ridge with locating features, perpendicular
to the constriction, imaging and positioning above the detector should be
trivial. We believe proceeding work should involve addition of a fiber op-
tic cable for s-SNOM purposes and cryostatic condition imaging.
Version of January 15, 2020– Created January 15, 2020 - 15:25
25

Bibliography
[1] L. Chen, J. A. Lau, D. Schwarzer, J. Meyer, V. B. Verma, and A. M.
Wodtke, The Sommerfeld ground-wave limit for a molecule adsorbed at a
surface., Science (New York, N.Y.) 363, 158 (2019).
[2] B. S. Robinson, A. J. Kerman, E. A. Dauler, R. J. Barron, D. O. Ca-
plan, M. L. Stevens, J. J. Carney, S. A. Hamilton, J. K. Yang, and K. K.
Berggren, 781 Mbit/s photon-counting optical communications using a su-
perconducting nanowire detector, Optics Letters (2006).
[3] N. R. Gemmell, A. McCarthy, B. Liu, M. G. Tanner, S. D. Dorenbos,
V. Zwiller, M. S. Patterson, G. S. Buller, B. C. Wilson, and R. H. Had-
field, Singlet oxygen luminescence detection with a fiber-coupled supercon-
ducting nanowire single-photon detector, Opt. Express 21, 5005 (2013).
[4] J. J. Renema, Q. Wang, R. Gaudio, I. Komen, K. Op ’T Hoog, D. Sahin,
A. Schilling, M. P. Van Exter, A. Fiore, A. Engel, and M. J. De Dood,
Position-Dependent Local Detection Efficiency in a Nanowire Supercon-
ducting Single-Photon Detector, Nano Letters 15, 4541 (2015).
[5] R. Lusche, A. Semenov, K. Ilin, M. Siegel, Y. Korneeva, A. Trifonov,
A. Korneev, G. Goltsman, D. Vodolazov, and H.-W. Hu¨bers, Effect
of the wire width on the intrinsic detection efficiency of superconducting-
nanowire single-photon detectors, Journal of Applied Physics 116, 43906
(2014).
[6] Q. Wang, J. J. Renema, A. Engel, M. P. van Exter, and M. J. A. de Dood,
Local detection efficiency of a NbN superconducting single photon detector
explored by a scattering scanning near-field optical microscope, Optics Ex-
press 23, 24873 (2015).
Version of January 15, 2020– Created January 15, 2020 - 15:25
27
28 BIBLIOGRAPHY
[7] A. D. Semenov, G. N. Gol’tsman, and A. A. Korneev, Quantum detec-
tion by current carrying superconducting film, Physica C: Superconduc-
tivity and its Applications 351, 349 (2001).
[8] J. J. Renema and others, The physics of nanowire superconducting single-
photon detectors, Department of Quantum Matter & Optics, Leiden
Institute of Physics, 2015.
[9] Q. Wang, J. J. Renema, A. Engel, and M. J. De Dood, Design of NbN Su-
perconducting Nanowire Single-Photon Detectors with Enhanced Infrared
Detection Efficiency, Physical Review Applied 8, 034004 (2017).
[10] J.-M. Friedt and A˜. Carry, Introduction to the quartz tuning fork, Amer-
ican Journal of Physics 75, 415 (2007).
[11] R. D. Grober, J. Acimovic, J. Schuck, D. Hessman, P. J. Kindlemann,
J. Hespanha, A. S. Morse, K. Karrai, I. Tiemann, and S. Manus, Fun-
damental limits to force detection using quartz tuning forks, Review of
Scientific Instruments 71, 2776 (2000).
[12] H. Edwards, L. Taylor, W. Duncan, and A. J. Melmed, Fast, high-
resolution atomic force microscopy using a quartz tuning fork as actuator
and sensor, Journal of Applied Physics 82, 980 (1997).
[13] F. J. Giessibl, High-speed force sensor for force microscopy and profilometry
utilizing a quartz tuning fork, Applied Physics Letters 73, 3956 (1998).
[14] V. Thanh, S. a. Chizhik, T. Xuan, N. Trong, V. Chikunov, V. T. Tung,
S. a. Chizhik, and T. X. Hoai, Tuning Fork Scanning Probe Microscopes
- Applications for the Nano-Analysis of the Material Surface and Local
Physico-Mechanical Properties, Scanning Probe Microscopy-Physical
Property Characterization at Nanoscale , 25 (2012).
[15] M. Bertke, G. Hamdana, W. Wu, M. Marks, H. S. Wasisto, and
E. Peiner, Asymmetric resonance frequency analysis of in-plane electrother-
mal silicon cantilevers for nanoparticle sensors, Journal of Physics: Con-
ference Series 757, 12006 (2016).
[16] D. Hussain, J. Song, H. Zhang, X. Meng, W. Yongbing, and H. Xie, Op-
timizing the quality factor of quartz tuning fork force sensor for atomic force
microscopy: Impact of additional mass and mass rebalance, IEEE Sensors
Journal 17, 2797 (2017).
[17] S. Morita, F. J. Giessibl, E. Meyer, and R. Wiesendanger, Noncontact
atomic force microscopy, volume 2, Springer, 2009.
28
Version of January 15, 2020– Created January 15, 2020 - 15:25
